279 885 - %

. \\ll\\l\\l\l\\\\\\\l\l\\\l\\\\\\\l\ it

Ui

MARYLAND
COLLEGE PARK CAMPUS

STUDY OF SUPERCONVERGENCE BY A COMPUTER-BASED APPROACH
SUPERCONVERGENCE OF THE GRADIENT OF THE DISPLACEMENT,

THE STRAIN AND STRESS IN FINITE ELEMENT SOLUTIONS FOR PLANE ELASTICITY

by

L Babu3ka ‘
Heme  DTIC

S. K. Gangaraj ELECTE
JUN 02 1994D

Technical Note BN-1166 o G
and ‘ "\M..._.A-, o

CMC Report No. 94-02

Texas Engineering Experiment Station
The Texas A&M University System

February 1994

AND TECHNOLOGY
16399

Q INSTITUTE FOR PHYSICAL SCIENCE

\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\N\\ NI 46
1




SECURITY CLASMIFICATION OF Twis PAGT Mhan Daio Rnroredy ¢

REPORT DOCUMENTATION PAGE BEFORE COP LTINS R
i. ALPOART nuUMELA 2. QOVY ACCLISION NOJ 3. AZCIPIENT 'S CATALOG NUMBER

Technical Note BN-1166

4. TITLE (end Subtitle)

8. TYPL OF REPORT & PERIOD COVERED

Study of Superconvergence by a Computer—Based . :
Approach - Superconvergence of the Gradient of Final Life of Contract
the Displacement, The Strain and Stress in " [¢ PEAPORMING ORG. REPOAT NUMBSER

Finite Element Solutions for Plane Elasticity
7. AUTNHOR()
2

I. Babuska1 - T. Strouboulis

ll CONTAACT OA GRANT NUMBEA(s)

- C.S. Upadhyay? | N00014:90:J-1030 ONR &

.2 2CCR-88-20279/NSF
S.K. Gangaraj See Page 1
3. PERFORMING ORGANIZATION NAME AND ADDRESS 16. ::Eﬂ".‘t'o‘,"“:ﬁ,"{.ﬁf."f—cmr—

Institute for Physical Science and Technology
University of Maryland
College Park, MD 20742-2431
T, CONTROLLING OFPICE NAME AND ADDRESS
Department of the Navy February 1994
] 13. qul!l OP PAG
Office of Naval Research _ 4R gs, 1 - 14¢/47 pgs.

Arlington, VA 22217
4. MONITORING AGENCY NAME & ADDRESS(I ditlierent trem Cansrelling Omn) th. SECURITY CLASS. (of thie repert)

B ————————————————
154, DECLASSIFICATION/ DOWNGRADING
SCHEDULE

12. REPORT DATE

16. DISTRIBUTION STATEMENT (of ths Repert)

Approved for public release: distribution unlimited

. DISTRIBUTION STATEMENT (ef the adatract entared In Bleck 20, il difisrent tress Repest)

3

. SUPPLEMENTARY NOTES

13. XKEY wOADS (Cantinue an reverse side Il necossary and (oentily by Block number)

0. ABSTRACT g (1) we addressed the problem of existence of superconvergence points by a
computer-based proof and we gave a detailed study of the superconvergence points
for the components of the gradient in finite element solutions for Laplace’s and
Poisson’s equations. Here we employ the same approach to study the supercon-
vergence for the gradient of the displacement, the strain and the stress for finite
element solutions of the equations of plane elasticity. We give the superconver-
gence points for the components of the gradient of the displacement, the strain
and stress for meshes of triangles and squares of degree p, 1 € p < 4. For the
meshes of triangles we investigated theeﬂ'ectdlhetopo)o‘yofthemuh by con-
ndenn; four mesh-patterns which typically occur in practical meshes, while in the
case of s uare elements we studied the effect of the element-type (tensor-product.
Do ,:2:",, 1473 tortiow or 1 wOV 6313 OBsOLETE

$ N0102-LF-0'¢ 0401 . SECURITY CLABMIFICATION OF THIS PAGK (Whan Dare Bnreved)




Study of Superconvergence by a Computer-Based Approach.
Superconvergence of the Gradient of the Displacement,
the Strain and Stress in Finite Element Solutions

for Plane Elasticity

I. Babuska®

Institute for Physical Science and Technology and Department of Mathematics,
University of Maryland, College Park, MD 20742, U.S.A.

T. Strouboulist, C.S. Upadhyay! and S.K. G‘-a.nga.rajit
Department of Aerospace Engineering, Texas A&M University,

College Station, TX 77843, U.S.A. [Accesion For

NTIS CRA&!

DTIC TAB
Unannounced 0
Justification

By

Distribution/

Availability Codes

Dist Awglpggigl, o
February 1994 w, I I

*The work of this author was supported by the U.S. Office of Naval Research under Contract
N00014-90-J-1030 and by the National Science Foundation under Grant CCR-88-20279.

1The work of these authors was supported by the U.S. Army Research Office under Grant
DAALO3-G-028, by the National Science Foundation under Grant MSS-9025110 and by the Texas
Advanced Research Program under Grant TARP-71071.

1




Abstract

In [1]) we addressed the problem of existence of superconvergence points by a
computer-based proof and we gave a detailed study of the superconvergence points
for the components of the gradient in finite element solutions for Laplace’s and
Poisson’s equations. Here we employ the same approach to study the supercon-
vergence for the gradient of the displacement, the strain and the stress for finite
element solutions of the equations of plane elasticity. We give the superconver-
gence points for the components of the gradient of the displacement, the strain
and stress for meshes of triangles and squares of degree p, 1 < p < 4. For the
meshes of triangles we investigated the effect of the topology of the mesh by con-
sidering four mesh-patterns which typically occur in practical meshes, while in the
case of square elements we studied the effect of the element-type (tensor-product,
serendipity or other).




1 Introduction

In [1] we introduced a computer-based approach for finding the superconver-
gence points for the derivatives in finite element approximations of Laplace’s and
Poisson’s equations. We proved a mathematical theorem which states that a super-
convergence point exists if and only if it can be determined by a numerical method-
ology. We employed the numerical methodology to find superconvergence points
for the gradient in finite element solutions of Laplace’s and Poisson’s equation for
meshes of triangular or square elements of polynomial degree p, for 1 < p < 7.
The conclusions of the study in [1] may be summarized as follows:

1. The computer-based methodology takes directly into account the topology
of the mesh, the element polynomial spaces and the type of the differential
equation (homogeneous or non-homogeneous).

2. For solutions of Laplace’s equation (i.e. the homogeneous equation) the su-
perconvergence points for the derivatives always exist for any mesh-pattern
and type of elements.

3. For solutions of Poisson’s equation (i.e. the non-homogeneous equation) the
superconvergence points may not exist depending on the mesh-pattern and
the element-type.

In this paper we will employ an extension of the computer-based methodology
of [1] to address the problem of existence of superconvergence points for the gradi-
ent of the displacement, strain and stress in finite element approximations of the
equations of plane elasticity. We note that the majority of the classical studies on
superconvergence (see [2-29] and the citations in these papers) deal primarily with
Poisson’s equation (with a few exceptions; see for example [18}, [19], [20] and [24]
which address the problem of plane elasticity).

The majority of practical computations in plane elasticity employ elements of
degree p, with 1 < p < 4 and most often p = 2, and involve the homogeneous case
(i.e. the body-force vanishes identically). Therefore it is important to investigate in
detail the superconvergence for the components of the gradient of the displacement,
strain and stress for these cases (i.e. for 1 < p < 4 and zero body-force). Similarly
as in [1) we will study the superconvergence for the standard displacement finite
element method and meshes of triangular and square elements.

There are two types of superconvergence (see [12]), namely:

(1). Direct superconvergence: By this we mean the superconvergence of pointwise
values of quantities computed directly from the finite element solution.




(ii). Superconvergence via averaging: The superconvergence of post-processed val-
ues of quantities which are obtained from the finite element solution by em-
ploying a local averaging.

Here (as in [1]) we will address only the case of direct superconvergence. The same
methodclogies can be employed to study superconvergence via averaging; we will
present such a study in a future paper. Further, to limit the length of the paper
we show only some illustrative results. Additional results on the superconvergence
of various quantities defined in terms of the stresses, the strains etc. can be easily
obtained using the approach of the paper.

Following this Introduction, we introduce notations for the model problem of
plane elasticity, its finite element approximation and the types of meshes employed,
we outline the theoretical setting, we describe the numerical methodology for find-
ing the superconvergence points and we report the results of the numerical study
and the conclusions.

2 Preliminaries

We shall consider the vector-valued boundary-value problem

(2.1a) Li(u) := - f: %(a‘j(u)) =f in Q

(2.1d) u, =0 on TIp
2

(2.1¢) Ec,-,-(u)n,- =1 on Ty

wheres = 1, 2.

Here 02 C R? is a bounded domain with boundary Q = I'p, UTy;

n := (n,,n,) is the outward pointing unit-normal on I'y;

f;» 1 =1, 2 are the components of the load-vector (body-force);

t,,t =1, 2 are the components of the normal-flux vector (traction) applied on T'y;
I'p=0,Tp NIy = O; u = (u,,u,) is the solution-vector (displacement);

1/8u; Ou;
.o M— -—4 _—l 9 ——
(2.24) i(w): 2(an +32),  i=12
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2
(2.2b) 0,i(u) := 3: a;umen(n), 14,5=1,2

are the components of the strain and the stress, respectively;
@y 5 3 ky 1 = 1, 2, are the material-coefficients (elastic constants) which satisfy

(2.3q) Qe = Qi = Oy 4,k 1=1,2
2 2 '
(2.3b) : @iint € €0 2 € Z €jCij» €> 0, v € = S
oy ig=1

(Conditions (2.3a), (2.3b) are satisfied for linear anisotropic elasticity; in the case
of isotropic plane elasticity a;;,; = p(6;;00 +846,;) +26;:6;; where §;; is Kronecker’s
delta and A, 4 are Lamé’s constants.)

Let us now cast the model problem in variational form. We will use the nota-
tions

(2.40) H = { v=(v,v) : v € H(Q) }

(2.4%) H}-D = { v = (v,v,) I v, € H'(Q), v; =0 on Tp }

2 } 2 i
(2.4¢) llollyo = (z:nv.-n%,n) , Iola = (2 o ﬁ,n)
s=1

=1

with ||v; ||, o (resp. |v;]; o) being the usual H'(f2) Sobolev norm (resp. seminorm).
The variational form of the boundary-value problem (2.1) is now posed as:

Find u € Hy_ such that

2 2
(2.5a) Bn(u,v)=/nzf‘~ v,.+/r Y&y, VeeH:

=1 N i=1
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where the bilinear form By : H} x Hp — R is defined by

2 Ou; Bv,
5b B = repy s -

The energy-norm over any subdomain S C Q is defined by

(2.5¢) lliwllls := {/Bs(v,v)

where Bg(u,v) has the obvious meaning.

Let T = {7} be a family of meshes of triangles or quadrilaterals with straight
edges. It is assumed that the family is regular, namely: For the triangles the
minimal angle of all the triangles is bounded below by a positive constant, the
same for all the meshes. For the meshes of quadrilaterals it is assumed that the
mesh can be mapped to a mesh of squares by a sufficiently smooth transformation
and hence it is sufficient to study the superconvergence for a mesh of squares (see
[9), [10] for details). Let us introduce the finite-element spaces

(2.6) S::={ueH'|u,-oF,.e.§"(1"), i=1,2, k=l,...,M(Th)}

where F,. is the mapping function for the kth finite-element which maps either a
standard triangular element (using a linear transformation) or a standard quadri-
lateral element (using a bilinear transformation) onto the kth finite element, #
denotes a standard element, M(T}) is the number of elements in the mesh T,
S?(7) denotes the element-space over +.

As in [1] we will consider the following choices for the element-space $7(#):
a. Complete polynomsial space up to degree p.

For the triangular elements we let S,(#) = P,(#) where
(2.7) By#)i= {P| Plend) = T aisisl}.
0gitise

For the square elements we consider the following choices for the definition of
the polynomial space Sy(#) (see also [32]).




b. Tensor-product (bi-p) polynomial space of degree p.

(28) $09(4) = {P| Par,2) = T awgdid )

W
0giuse

c. Serendipity (trunc) polynomial space of degree p.

(29) &)= {B| Ploy2) = T aig 88 + 4y 8y + 00p 51 8 |

]
0gi+iSy

d. Intermediate polynomial space of degree p.

-~ -~ -~ » g P-l - -
(210) 87(3):= {P| Pyt = T ausdidh+ T apsun H7HY }
‘ k=0

i
0gi+isr

We let

(2.11) Shr

D

= SKQH}-D

The finite element solution u” of the elasticity problem satisfies:
Find u, € Sip  such that

2 2
(2.12) Bq(us,v)) =./n Ef.‘ Up + /rnzgi v VULESi,

t=1

The error is e, := u — u,,.

38 Definition of the superconvergence quantities

Let T, € T be a finite element grid, u, € S’,’,‘rp the corresponding finite
element solution and let 7 € T}, be any element. Let F(u) be the solution quantity

of interest, for example F(u) = = or ¢;(u) or o;;(u), i,j = 1, 2. We are

Oz,
interested in the values of the relativé' error in F(u) at points 2, € 7,

1




|F(u - w,)(2,)] if W(u—1u,)#0

(3.1a) O(2,;F;u,u,,h,1):= V(u - u,) ’

0 , i W(u—u)=0
where
(3lb) \I'(u - uh) = Tgfx IF(" - “h)(=)|

Let us assume that 7 is an element of fixed geometry (but not of fixed size)
which appears in all the meshes T}, of the sequence 7. If there exists a point Z,,
which is fixed with respect to the element 7, such that

(3.2) lim O(&,; Fiu,uy,h,7) < %, 0<7<100

we will say that Z, is a u — n%-superconvergence point in element 7. Further, we
will call 2, a U —n%-superconvergence point if it is u —n%-superconvergence point
for every u € U. Note that ©(Z; F;u,u,,h,7) < 1 and thus all points in every
element 7 are 100%-superconvergence points. If there exists a point Z, such that
(3.2) holds for a given solution u (resp. class of solutions &/) with n = 0 then Z,
is 2 u-superconvergence (resp. U-superconvergence) point in the classical sense.

Let us now define the following geometrical quantities which will be employed
in the study of superconvergence below. For a given 7, 0 < n < 100 we define

1. n%-contour of F(u) in the element T of the mesh T, for the ezact solutiun u:

LI = . P =1
(3.3) ;’-(.)(u, 7,Th) := {z €T I O(z; F;u,u,,h,7) = 100 }

2. Superconvergence points of F(u) in the element T of the mesh T, for the class
of ezxact solutions U:

(3.4) ey U Th) = nu Cy(u; 7, Th)
€




3. n%-band of F(u) in the element T of the mesh T, for the ezact solution u:

% ... — . . )
(3.5) 8}(“)(14, T, T’.') = {z €T l O(z; F;u,u;,h,7) < 100 }

4. n%-superconvergence regions of F(u) in the element v of the mesh T, for the
class of ezact solutions U:

(36) Rt Ui 7, Th) = nus,":(‘.,(u; 7,Th)
€

Remark 8.1. We could be interested in the points which are superconvergent simul-
taneously for several functionals e.g. all the stress components. We can formalize

this by assuming a vector functional; the meaning of the n%-superconvergence
point for the vector functional is obvious.

4 The class of locally periodic meshes

In this paper we will study the superconvergence of finite element solutions for
the equations of plane elasticity for a special class of locally periodic meshes which
are defined as follows. Let 0 < H < H®, 2° = (29,23) € Q,

(4.1) S(a°, H) := {z = (@) lei— 2 < H, i= 1,2}

and assume H° is sufficiently small such that S(x° H®) C Q. Further, let 4 be a
set of multi-indices (i, ), 209 = (2", z{")) € Q and

(4.2) c(209),h):= S(z0),h) C S(=°, H), (i,j) €7

be the set of the h-cells (or cells) which cover exactly S(z°, H) i.e.

(4.3a0) U &@@®,h) = 5(=° H)
(id)ev
(4.30) c(29) RN e(2*?),h) = @ for (i1,51) # (i3, j2)




We will refer to S(2°, H) as the subdomain of pcﬁ'odicity of the mesh centered at
9. We will denote by

(4.4) &:= 5(0,1):= {(5,,5,)| il <1, |22 <1}

the unit- (master-) cell ¢, the A-cell is an h-scaled and translated master-cell.

Let T be a mesh of triangles or squares on the master-cell (the master-mesh)
and T{*) be the mesh on c(z(*), h) which is the scaled and translated image
of T. We will consider the family 7 of locally periodic meshes. Let T, € T and
T, (=°, H) be the restriction of T}, on S(z, H) and T the restriction of T}, (z°, H)
on c(x(), k). We assume that T = T | (i, §) € v i.e. T, (2°, H) is made by
the periodic repetition of the h-scaled master mesh.

The type of meshes under consideration is depicted in Fig. 1, where the periodic-
mesh subdomain S(2°, H) is shown with thick perigram. Outside the subdomain
S(x° H) the mesh is arbitrary; it could have curved elements, refinements, etc.

5 Outline of the theoretical setting

Let Q be a vector-valued function with components which are polynomials of
degree (p + 1) defined over the master-cell ¢ and let T be the master-mesh. Then
denote

(5.1) p:=Q-Q""

where Qm is the interpolant of degree p of the function Q defined over the master-
mesh T (for which A = 1). Any vector-valued function with components which
are polynomials of degree p on an element 7, belongs to $7(7,) and hence any
polynomial of degree p on S(z°, H) belongs to S}(S(2°, H)). It follows that p
defined in (5.1) is &-periodic; this can be shown exactly as in {40]. We have

(5.2a) p(1,3)) = p(-1,%;), |3 <1
(5'2b) P(ihl) = p(ih-l)) lill <l
Let

10




(5.3) Hign (@) := {ue H'(9) | u satisfies (5.2) }
and
(54)  Stpe(d) = {u € Hben(@| ul: € SUP), i=12, V7eT}

Further let 2# € Sppr(€) such that

(5.5a) | By(2%,8) = Bi(p,9) V ¥ € S]pen(é)
and
(5.5b) -/E (p—2)=0

Note that the function z” exists and is uniquely determined (we will compute it
numerically in the examples). Let us also define ¢ € H'(¢) by

(5.6) Y:i=p—3=Q—w where w:= QN 43*

Let ¥, € Hpgp(c(2!), h)) be the function ¢, defined above, scaled and translated
onto the cell c(x(*9), ) of the mesh in S(°, H) i.e.

oy

67 @)= #PHE), )= waEE), -1z,

where # = %(z —2@)), 2 € c(z(),h). It is easy to see that ¢, can be

periodically extended over S(«°, H, ).
In [1] we proved the following theorem for Poisson’s equation based on the
theory of interior estimates (see [33]-[39)):

Theorem 1. (Poisson’s equation; see [1]) Let H, < H < H° and assume that the
following assumptions hold with

(5.8) a=




Assume that the exact solution u satisfies

(5.9a) UD%ullpeo(s(eopry) S K <00, 0<|a|<p+2
dlely
where a := (a;,a;), Du:= m y lal:=a,+a,; and
(5.9%) R= Y &3>0 where a,:= (D"u)(z°)
lal=p+1

Further assume that the mesh T}, is such that

(5.10) llealla s, ) < Ch°H, , with B>(p+1)—¢

Moreover assume that the meshes T, in S(z° H) are such that

(5.11) C.H? < h <CHS

Then for any = € S(2°, H,)

(5.12) 52 @)= |32 (@)] + dems

with |A\| < 1 and C independent of A.

Remark 5.1. The theorem assumes that the mesh is periodic in a small subdo-
main (i.e. S(z° H)) in the interior of the domain and that the solution is smooth
in the neighborhood of the subdomain. Qutside the subdomain we assume nei-
ther periodicity of the mesh nor smoothness of the solution. The solution may
have algebraic-type singularities at a finite number of corner points or points of
abrupt change in the type of boundary-condition. Here it is only assumed that the
pollution-error in a shrinking mesh-patch (i.e. T, (2%, H,)) in the interior of the
subdomain is controlled; this implies that the mesh has been adequately refined in

the neighborhood of all singular points.
Remark 5.2. If we further assume that

d 0 :
(5.13) " eh"lc“(f) ,=x,z“ eh"z,w(,)-Chp’ i=12,

12




theorem 1 implies that: A point 2, in the eleme;t T is a superconvergence point
for F(u) = % in the element 7 if and only if — oz, (z,) = 0. Assumption (5.13)

can be realized by imposing additional restrictions on the values a, of the (p+1)-
derivatives of the solution at z,. This assumption is reasonable because we are
interested in a sufficiently large class of solutions Y.

Remark 5.8. Under assumption (5.13) Theorem 1 also states that: A point z;
. . . . . Ou
in the element ¥ is an asymptotically n%-superconvergence point for F(u) = B

i =1,2, if and only if é(z,;F;Q,tb, 1,7) < 2 where

100
B i 6(0) = Wl # 0
(5'14) é(z‘?; F; Qi iba la 7.') =
0 s i |[$llper =0

Remark 5.4. The proof of theorem 1 in [40] was based on various interior estimates
for the error in finite element approximations of Poisson’s equation, especially the
results given in [38] and [39]. It is very plausible that analogs of these results
hold for finite element approximations of the elasticity equations and more general
elliptic-systems because the main ideas of the proofs of these results carry to the
general case. To our knowledge the precise details are not available for the elasticity
equations. Nevertheless we will assume the validity of the analog of Theorem 1 for
the equations of elasticity.

6 The methodology for determining the super-
convergence points

In order to study the superconvergence of finite element solutions in uniform
mesh-patches in the interior of a subdomain S(z° H), we let

(61) U= {u € HY@)| I1D°;llumisieosmy < K, i=1,2, 0< Jal S p+2}

the class of solutions which are locally smooth in S(z°, H), where S(x°, H) denotes
an interior subdomain of interest in which the mesh is locally periodic as described
above (the subdomain must be a finite distance away from the boundary and points
of roughness of the body-force; see Fig. 1). In the majority of the applications one
is only interested in the subclass of solutions in /€ which are “harmonic”, namely,

13




(6.2) ur = {ueuG| L()=0, i=12, in n}

We may also assume that the functions are “harmonic” in a subdomain which is
slightly bigger than S(2°, H) and which includes S(2°, H) in its interior.

For a given locally periodic grid with corresponding periodic master-mesh T,
given material orthotropy and given class of smooth solutions & we let

nd
(63) ¢:={Q| Qe1,z:) = L avQu(eni2a)}
k=1

denote the class of (p + 1)-degree monomials which occur in all (p + 1)-degree
Taylor-series expansions of functions from /. Here Q,, k = 1,...,nd denotes a
set of linearly independent monomials which form a basis for Q. For example, let
us assume that I/ is the class of smooth solutions € given in (6.1); in this case
Q is the 2(p + 2) dimensional space of vector-valued functions with components
which are monomials of degree (p + 1). The set Q which corresponds - the class
of “harmonic” solutions “#" is the four-dimensional linear space of “harmonic”
monomials of degree (p+1) denoted by Q"¥". The “harmonic” basis monomials of
degree (p+1) for 1 < p < 4, which were employed in the computations, are given
in the Appendix.

The asymptotic values of the error for any smooth solution u in the interior of a
periodic mesh-subdomain can be obtained by solving the periodic boundary-value
problem (5.5), using the master-mesh T over the master-cell & with data obtained
from the local (p + 1)-degree Taylor-series expansion Q of the exact solution. The
asymptotic n%-contours for a given solution u can be obtained by contouring the
function F(v), with ¢ defined as in (5.6) corresponding to the local Taylor-series
expansion Q of the solution u. The superconvergence points Z for a given class of
solutions I satisfy

(6.4) F(¢;)(@) = 0, 1<i<nd

Therefore z is a superconvergence point if and only if the zero-contours of F(,)
intersect at Z for 1 < i < nd. Here ¢, := p; — 2% which is obtained from (5.6)
for p;, = Q; — (Q;)NT where Q, is the i-th basis monomial of the nd-dimensional
monomial space Q corresponding to the class /. We also let @; := (Q,)NT + 2.

The asymptotic n%-superconvergence regions for a class of solutions U can be
determined by using numerical optimization. In particular, let us consider the

14




uniform subdivision of the element 7 into subtriangles with vertices at the set of
points = := {£,}i2,. We will define the function

.~ | E a.-F('ﬁ;)(&)I
(6'5) u?‘(u)(ek; F; Q’ {ﬁ’ =19 1 T) = max =1 nd lw ’
"o\ mex 15 e )&

at the points in Z. The function 15, (2; F; Q, {0, }4,,1,) will be defined for
any point & € ¥ by using linear interpolation in the subtriangles. The asymptotic
n%-superconvergence regions in the element 7 can be approximated using the level-
sets of the functions ‘HF(.)(z, F; Q,{w;}M,,1,7) i.e.

(6.6) F(“)(Q,r T) =~ {c €F I 'HFM(z,F Q, {w,},,1,7) < rp%}

We will call the above approach the direct approach. It is also possible to use a
simplified approach which avoids the use of numerical optimization at every point.
Let us define (see also (30, 31])

(6'7) r,':&'(u)(é;i‘; Q’ {"b .31’1 T) = Zl \jE(F('b )(z))

= Y=l

where

Jmax |5 o F(8)(E)
(6.8) Zz := min
3 T

The quantity Z- can be computed using numerical optimization. Then

69  RE,(QnT):= {é €r | Fo(&Fi Q {0}, 1, T) < 100 }

are the approximate regions of 7%-superconvergence for the class of solutions Q.
Remark 6.1. Note that

(6.10) R,(,,(Q #T)C ,(“)(Q;f,:i').

15




Therefore the simplified approach results to a conservative estimate for the n%-
superconvergence regions.
Remark 6.2. The functions defined in (6.5), (6.7) depend on the set of points =.

To ensure good accuracy in the approximation of the n%-superconvergence regions
a sufficient number of points must be employed.

7 Numerical study of superconvergence for pe-
riodic meshes of triangles and squares

We will now use the methodology of the previous Section to find the super-
convergence points or the n%-superconvergence regions for the components of the
gradient of the displacement, strain and stress for finite element solutions of the
equations of elasticity in the interior of periodic meshes of triangular and square
elements. In the numerical examples we addressed the following questions:

1. For periodic meshes of triangles with various mesh-topologies, and elements
of degree p, where are the superconvergence points for the various solution
quantities for the class of “harmonic” solutions? Are these points supercon-
vergence points for the class of general solutions?

2. For meshes of squares of degree p, where are the superconvergence points for
the various quantities for the tensor-product space S(#)(+), the serendipity
space SP(7) and the intermediate space $(#)?

3. In the cases that there are no superconvergence points (i.e. 0%-superconvergence
points) where are n%-superconvergence points for small values of n%?

We will answer these questions using the computer-based approach of Section 6.

7.1 Determination of the superconvergence points for the
periodic meshes of triangles

The majority of the results for the superconvergence points for the triangular
elements in the literature are given exclusively for the Regular pattern (which
is also known as the three-directional mesh and is shown in Fig. 2a), for linear
and quadratic elements and for the Poisson’s equation. In [1] we determined the
superconvergence points for Laplace’s and Poisson’s equations, for all the mesh
patterns shown in Fig. 2 and elements of degree p, 1 < p < 7. Here, we employed
the numerical methodology of Section 6 to find the superconvergence points, for the
same mesh-patterns, for — for the class of “harmonic” solutions of the equations

0z,
of plane-elasticity and 1 < p < 4.
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In Fig. 3 (resp. Fig. 4) we give examples of how the superconvergence points
for the class of “harmonic” solutions, for p = 1, 2, 3, were obtained for the lar
(vesp. Criss-Cross) pattern from the intersection of the zero-contours C3% (Q, 7, T),

of the error functions ¢;, ¢ = 1,...,4, which correspond to the basis I‘ha.rmomc
monomials of degree (p + 1). From the numerical results we observe that:

(i) In the Regular, Chevron and Criss-Cross patterns for linear or cubic elements

. . Ou, .
(p = 1 or 3), there exists one superconvergence point for 221 in the elements

oz
with an edge parallel to the z,-axis. This point is located at the midside of

the edge parallel to the z,-axis.
(ii) In the Regular, Criss-Cross patterns for quadratic elements (p = 2) there are

two superconvergence points for — in the elements with an edge parallel to

Oz
the z,-axis. These points are locate:i at the Gauss-points of the edge parallel

to the z,-axis.

(iii) In the Chevron pattern, the Union-Jack pattern and element 7, of the Criss-
Cross pattern (shown in Fig. 2d) for quadratic elements (p = 2) there are no

superconvergence points for — 8
zy’
(iv) The superconvergence points for the components of the gradient of the dis-
8 po
placement for the class of general solutions coincide with the superconver-
gence points for the class of “harmonic” solutions.

(v) There are no superconvergence points for the stress in any of the mesh-
patterns except for the special case that the Poisson’s ratio is equal to zero.
In this case the normal stress components 0y, O, are superconvergent at
1

8 ' 32 2, respectively (if such points exist

the superconvergence points for —

in the mesh-pattern).

(vi) There are no superconvergence points for the shear-stress in any of the mesh-
patterns.

(vii) For p = 4 there are no superconvergence points in any of the mesh-patterns
for any of the quantities and for all values of Poisson’s ratio.
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7.2 n%-superconvergence regions for the components of
the gradient and stress for the periodic meshes of
triangles

For p 2 3 there are very few (if any) superconvergence points for any of
the solution-quantities for the problem of plane isotropic elasticity. In these cases
suitable :zmpling points (i.e. points where the error in the solution-quantity is
small, asymptotically, with respect to the error in other points in the element)
can be determined from the n%-superconvergence regions. In the Figs. 5-7 below
we give the regions 'ﬁ'EL(Q'”' : #; T), for the Regular, Chevron and Criss-Cross

patterns for p = 1, 2, 3 'and Poisson’s ratio = 0.3. (It should be noted that the
n%-scale employed varies in the Figures.) From the numerical results we observe
that:

(i) The regions ’ﬁ'gl(Q'"' ; #; T') exist for small 5 for almost all the cases (note

however that r)% = 100% everywhere in the element 7, of the Criss-Cross
pattern for linear elements, as shown in Fig. 7a).

(ii) For p = 2, in the Chevron pattern there exist n%-superconvergence regions
with minimum n = 34% (as shown in Fig. 6b).

(iii) For p = 2, 3, in the element 7, of the Criss-Cross pattern there exist n%-
superconvergence regions of significant size (although n may be relatively
large), as shown in Figs. 7b, 7c, respectively.

From the engineering point of view one is mostly interested in determining
optimal sampling points for the stress-components. Except for the special case
of zero Poisson’s ratio there are no superconvergence points for any of the stress-
components in any of the mesh-patterns and for elements of any degree p. Here
we show that for elements of degree p > 2 there exist n%-superconvergence points
for the stress-components in all the mesh-patterns for relatively small values of
7; these points may be employed as sampling-points for the corresponding stress-
components. In Figs. 8, 9, 10 we give the n%-superconvergence regions for o,, and
044, for p = 2 and 3, for the Regular, Chevron and Criss-Cross patterns. (The
regions for the Union-Jack are similar and will not be given here; note that the
Union-Jack pattern is obtained by a 45°-rotation of the Criss-Cross pattern.) We
did not give the regions for p = 1 because the minimal values of n% for which
the regions exist are close to 100% for all the mesh-patterns (in other words for
meshes of linear triangles there is not a preferable set of sampling points for the
stress-components, unless the Poisson’s ratio is equal to zero).

The minimal value of n% in the n%-superconvergence regions shown in Figs. 8-
10 are given in Table 1. (We did not report the points where these minima occur
but these can be easily found.) In summary we observed that:
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(i) The regions R («)(Q ; #; T) for F(u) = 0,, or 0,, exist (resp. do not exist)
for p = 2, 3 (resp. for p = 1) for relatively small values of n%.

(ii) The minimal values of % and their locations depend on the mesh-pattern,
the degree p of the elements, the stress-component and the orientation of the
coordinate-axes with respect to the mesh-pattern.

7.3 Superconvergence points for periodic meshes of squares

We also used the computer-based approach to determine the superconver-
gence points for meshes of square elements. Here we investigated the effect of the
choice of the finite-element space (tensor-product, serendipity and intermediate
element-space) on the superconvergence points for the components of the gradient
of displacement, strain and stress. In the cases where there are no superconver-
gence points (for example, in the quartic serendipity element) we reported the
element-coordinates of %-superconvergence points for minimal values of 7%.

a. Tensor-product and intermediate family

The superconvergence points for %u_ and ;ﬁ are located on the Gauss-lines
which are parallel to the Z,-axis and a.‘re mtersectmg the Z,-axis at the Gauss-
Legendre points of degree p. The (p x p) Gauss-Legendre points are superconver-
gence points for all the components of strain and stress for all Poisson’s ratios for

both the “harmonic” and general class of solutions.
b. Serendipity family

For p = 1 and p = 2, the superconvergence points for all the quantities are
exactly the same as the corresponding superconvergence points for the tensor-
product and the intermediate family i.e. the p x p Gauss-Legendre points in the
element.

In the cubic serendipity element (p = 3) there exist four superconvergence
points and one superconvergence line for the components of the gradient of the
solution for the class of “harmonic” solutions. The superconvergence points for

are given in Table 2 and are shown in Fig. 11a. The four superconvergence

8::,

points and the superconvergence line for — are shown in Fig. 11b. For ¢,, (and

az,

0,3) and o, (and o,,;) there is only one supzerconvergence point, at the center of
the element, as shown in Figs. 11c and 11d, respectively. All points given above are
also superconvergence points for the class of general solutions and all admissible
values of Poisson’s ratio. In the special case of zero value for the Poisson’s ratio
the superconvergence points for o,, (resp. o,,;) coincide with the superconvergence

. B, 2
points for 3z, (resp. 61:3)'
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For the cubic serendipity element we also determined the n%-superconvergence
regions Ry, (Q"F; #,T) for F(u) = 7=, .

Figs. 12a, 12b, 12c, 12d, respectively, for Ponsson%s ratio equal to 0.3. From Fig. 12¢
we observe that some of the points of the 3 x 3 Gauss-Legendre product rule (these
points are often employed to sample the stresses in the cubic serendipity element)
correspond to n%-superconvergence points for the normal stress components with
n% > 75%. From the same Figure it is clear that it is possible to find sets of
sampling points for the normal stresses with n% < 50%.

In the quartic serendipity element (p = 4) there are no 0%-superconvergence
points for any of the solution quantities. We found however that there exist n%-
superconvergence points and regions for the components of the gradient, strain
and the stress (for » = 0.3) for small values of », namely 7% < 2.5%. In

Figs. 13a and 13b we give the n%-superconvergence regions 'ﬁ'g_(Q'”" ;7,T) and
- . 1

R’g‘.(Q'"' ; 7, T), respectively, for Poisson’s ratio equal to 0.3. In Tables 3b and
3¢ we give the master-element coordinates of sampling-points for ¢,, and o, with
n% < 2.5%. The n%-superconvergence regions for €,,, 7, for n < 25 are shown in
Figs. 13c, 13d, respectively. We also determined the common n%-superconvergence
regions for a class of Poisson’s ratios (0 < v < 0.35). In Figs. 14a, 14b and 14c
we show the regions o<.Qo.35 }."’(’:)(Q'"' #T) for F(u) = T 0,, and ¢,,, re-
spectively, for p = 4 and the class of “harmonic” solutions (the Poisson’s ratio was

varied from 0 to 0.35 in steps of 0.05). From Fig. 14b it can be seen that there
is a very small common 25%-superconvergence region for oy, for all the Poisson’s
ratios (0 < v £ 0.35).

1l 0,, and 0,,; these are given in

7.4 Rate of convergence at the superconvergence points

We checked the rate of convergence of aau
z)

(given in Sections 7.1 and 7.3) in model computations using relatively coarse
meshes. We considered the Dirichlet problem with data consistent with the exact
solution u,(2,,2;) = uy(z,,2,) = sin(xz,)sin(xz,) (note that u & U“F") in the
domain Q = (0,1)? which was meshed by a uniform grid of elements (of triangles
in the Regular-pattern or squares). We computed the quantity:

(- 2)om)

oz

at the superconvergence points

(7.1) E = max

e,

where z™P denotes the superconvergence points in the elements in the subdomain
0, = (0.25,0.75)2. We computed the values of E in meshes with mesh-sizes h =
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4’8’16
if there exists o > 0 s.t. ’lli_xg(h'(”'" %) E) = constant.

In Table 4a (resp. Table 4b) we give the values of E and hA=3E (resp. h~4E)
computed using a uniform mesh of triangles of Regular pattern with p = 2 (resp.
p = 3). We note that as the element size h is decreased, the values of A~ (") E
converge to constants; therefore the quantity E converges at the rate of (p+1) i.e.
0o = 1. In Table 4c we give the values of E and h~*E computed using a uniform
mesh of cubic serendipity squares of size k. We computed the values of E using the
points given in Table 2 in the subdomain €. It can be observed that the values of
the quantity E converge with rate equal to 4. Hence the points given in Sections
7.1 and 7.3 are superconvergence points with rate equal to (p + 1).

We also checked the value of relative error at the n%-superconvergence points
for the quartic serendipity element which are given in Table 3a. We considered
the Dirichlet problem in = (0,1)? with data consistent with the exact solu-
tion u,(z,,2,) = u,(z,,z,;) = sin(xz,)sin(xz,) and computed its finite elements
solution on a 9 x 9 uniform grid of serendipty squares. For this finite element

We will say that the values of E are superconvergent with rate (p + 0,)

. . 1
solution we computed the values of the relative error 6(z PUy Upi 3 7) at the

T az
(4 x 4) Gauss-Legendre points and at the n%-superconvergelllce points given in
Table 3a for the cezntral element of the (9 x 9) square mesh which coincides with
the square (4-, é) . In Table 6a we give the values of the relative error at the
(4 % 4) Gauss-Legendre points while in Table 6b we give the values of the error at
the n%-superconvergence points given in Table 3a. It can be seen that the rela-
tive error at several of the (4 x 4) Gauss-Legendre points is nearly 47% while at
the n%-superconvergence points from Table 3a the relative error does not exceed
3%. Thus, the n%-superconvergence points of Table 3a should be used as sam-
pling points in the quartic serendipity element instead of the points of the 3 x 3
Gauss-Legendre product-rule.

8 Summary of conclusions

1. We presented a study of superconvergence for finite element approximations
of plane elasticity. We employed a computer-based methodology which takes
directly into account the topology of the grid, the element-space, the class of
solutions and the value of Poisson’s ratio.

2. We determined the superconvergence points for the components of the gradi-
ent of the displacement, the strain and the stress. We observed the following:

a. For meshes of triangles of degree p, 1 < p < 4.
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(i) For some mesh-patterns (Regular, Criss-Cross, Chevron) there exist
superconvergence points for the components of the gradient of the
displacement. These points are the same as the superconvergence
points for the components of the gradient for finite element solutions
of Poisson’s equation given in [1]. The location of the points does
not depend on the value of Poisson’s ratio.

(ii)) There are no superconvergence points for any of the stress-components
(except for the normal stress-components when the Poisson’s ratio
is equal to zero) or the shear strain in any of the mesh-pattern.

(iii) For p = 4 there are no superconvergence points for any of the quan-
tities in any of the patterns:

(iv) Suitable sampling points for the stresses can be obtained by locating
minimal n%-superconvergence points in each pattern for each stress-
components, for each element-degree p.

b. For meshes of squares of degree p, 1 < p < 4.

(i) For elements of the tensor-product or the intermediate family for
1 < p < 4 and elements of the serendipity family for p = 1 and 2
the points of the p x p Gauss-Legendre product-rule are supercon-
vergence points simultaneously for the components of the gradient
of the displacement, the strain and the stress.

(ii) For the cubic serendipity square there exist four superconvergence
points and one superconvergence line the components of the gradi-
ent of the displacement. For the normal components of stress (for
non-zero values of Poisson’s ratio) and the shear-strain there is only
one superconvergence point located at the center of the element.

(iii) For the quartic serendipity square there are no 0%-superconvergence
points for any of the solution quantities. However it is possible to
locate n%-superconvergence points, for the components of the gra-
dient and the stress, for small values of % (7% < 2.5%). The
values of the solution quantities are much more accurate, asymp-
totically, at the corresponding n%-superconvergence points than the
values of the quantities at the 4 x 4 points of the Gauss-Legendre
product-rule.
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Appendix

“Harmonic” monomials of degree p+1 (1 <p <4)

Below we give the “harmonic” basis monomials of degree (p + 1), for the space
Q"H" defined in Section 6, for the equations of plane elasticity and 1 < p < 4.

a. Quadratic “harmonic” monomsials

"
Qi7" (21,253 0,583, b, b5) = 6, 23 + a3 23 + a3 7,2,

Q;H"(zl,zz, a,,as,b;, 63) =b 33 + 5233 + by 2,2,

where

A+2 A+ A+2 A+
@ =— ”al_ ”baa b =- “bz" £

a
p 2u p 2 O

b. Cubic “harmonic” monomials

"

(4

. _ 3 2, 2 2
(25, %3; a3, a4, b3, b)) =a, 2y + a3t 43212, + 6, 2,73

Q;H"(zn z,; a3, a4, bs, b,) = b, 3:1,' + b, zg + bazng + b, zfz,

where

Atp B A+p [
=- - =78 ,___E
NET N TIIm BTTrm M T Bee
A+2 A+ A+2, A+p
az=-—@'ﬁ¢a"-§”—”ba, b =- 3 by —- PR

c. Quartic “harmonic” monomials

“H" . - 4 4 3 2.2 3
Q:" (z),%;a3,65,b;, bs) = a,z) + a; 23 + a3 212, + 6, 2127 + 652,73

"

Q;H (x5, 745 a3, a5, bs, bs) = bl"': + b, -""; + b, -"’ng + b, 3333 + bs 1':1’32

where
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b = 3u 3(A +2u) _ 3u 5 3(A+2p)
4

AN TW0Am Y TR T 0
_ A+t [ _ At b
Y= T2 TG0+ b= 0 20 % " 60+ 2m)

d. Quintic “harmonic” monomials

“H¥ . _ I3 5 4 3.2 2.3 4
Q1" (z1,23;0,,a5 by, bs) = a, 2, + a3 23 + a3 7173 + 6, 2123 + G5 2123 + @6 T, T,

Q;H"(zv 33 G4, g, by, b5) = b, 23 + by 25 + by 2,23 + b, ziz3 + bs 2323 + be 73z,

where

___ A+t [ __Atp s
=T Iw) P II BT T T 20+ 2w

by

A4 A+p
8 = — 2 1T 5 by, be = — 2 bs 2 a,
__(A+4) B __+p  m
NET 52 2T 100A+2p) Y b = B(A+2p) ¢ 100X + 2p) b
__(A+2 (A+n) _ (+2s,  (A+p)
a; = — 10“ ag 5” b37 bl_ 10“ b5 5" a3 .
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Minimal values of 1% for the stmécomponents

Degree of | Regular pattern [ Chevron pattern Criss-Cross pattern
the elements [ oy, 0y, oy 01q o5 0y,

5.53%(r,) | 28.75%(7;)
p=2 18.17% | 5.75% | 11.79% | 12.19%
30.50%(, ) | 24.51%(r;)

10.77%(7,) | 6.91%(,)
p=3 8.71% | 13.33% | 11.5% | 3.88%
1.07%(7,) | 6.07%(7;)

Table 1. n%-superconvergence of stress-components in the meshes of triangles:
Minimal values of n% for the o,,, 0,, components in the Regular, Chevron and
Criss-Cross mesh-patterns.



Cubic serendipity square elements

. Ou, Ou
Superconvergence points for 53—:, -8-;:
POint. él iz

1 | .000000000000 [1, 1)

2 774596669175 577350269112

3 -. 774596669175 577350269112

4 -.774596669175 -.577350269112

5 774596669175 -.577350269112

Table 2. Superconvergence ﬁinta Jor cubic serendipity square elements: Super-

convergence points for —

——. Note that there are four superconvergence points

81:, ! 3:!:,

and one superconvergence line and are valid also for the class of general solutions

and all values of Poisson’s ratio.




Quartic serendipity square elements

n%-superconvergence points for %:—‘-
1

Point L 1 z 2 "%
1 -0.6000 -1.0000 2.154
2 0.6000 -1.0000 2.154
3 0.0000 -0.6364 0.952
4 -0.5273 0.0000 0.150
5 0.5273 0.0000 0.150
6 0.0000 0.6364 0.952
7 -0.6000 1.0000 2.154
8 0.6000 1.0000 2.154

Table 3a. n%-superconvergence points for quartic serendipily square clements:
Sampling points for ‘871 with n% < 2.5% for Poisson’s ratio v = 0.30.
1
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Quartic serendipity square elements

n%-superconvergence points for ¢,,

Point , 2, n%
1 0.0000 -0.6727 0.724
2 -0.4909 0.0000 0.499
3 0.4909 0.0000 0.499
4 0.0000 0.6727 0.724

Table 3b. n%-superconvergence points for quartic serendipity square elements:
Sampling points for ¢,, with n% < 0.75% for Poisson’s ratio v = 0.90.




Quartic serendipity square elements

n%-superconvergence points for a,,

Point él iz ﬂ%
1 0.0000 | -0.5818 1.334
2 -0.5636 0.0000 0.813
3 0.5636 0.0000 0.815
4 0.0000 0.5818 1.334

Table 3c. n%-superconvergence points for quartic serendipity square elements:
Sampling points for o,, with n% < 1.5% for Poisson’s ratio v = 0.30.




Rate of convergence at the superconvergence points

Regular pattern; quadratic triangles

h max (2“—1 - an) h=% max (9—& - Qﬁu)
sPen, |\ Oz, Oz, *en, |\ Oz, Oz,
25 0.032184 2.057
125 0.003927 2.011
0625 0.000488 1.999
03125 0.000061 1.996

Table 4a Rate of convergence at the superconvergence points: Values of

3u sup -3 aul 8“ sup
mm‘l( 3z, ~ 0z, )( )I and A .x_x'l’gol( 3z, ~ oz, ) (=5 )| Dirichlet prob-
lem in @ = (0,1)? with data consistent with the exact solution, u,(z;,z;) =
uy(2,,2,) = sin(xz,)sin(xz,), N, := (0.25,0.75)>. Grids of quadratic triangular
elements in the Regular pattern. Note that the values of gu at the superconver-
zy

gence points are superconvergent with rate of convergence equal to 3.




Rate of convergence at the superconvergence points

Regular pattern; Cubic triangles

O, Ou v, Ou
- —=hL sup -4 -1 _ Al
h "'%?no (821 021 ) (zf ) h z.,;l;:xﬂo (83‘1 031 ) (z'mp)
25 0.0007548 0.193
125 0.0000525 0.215
0625 0.0000035 0.226
03125 0.0000002 0.231

Table 4b. Rate of convergence at the superconvergence points: Values of

max l(a—ul - @'L‘-)(z""’)l and h~* max I(-all- - M)(:l:""’)l Dirichlet prob-
*Pen, \0z, Oz,/" 7 s%eq, I\8z, 8z,/" " I P
lem in = (0,1)® with data consistent with the exact solution, u,(z,,z;) =
uy(z,,2,) = sin(xz,)sin(xz,), R := (0.25,0.75)?. Grids of cubic triangular ele-

ments in the Regular pattern. Note that the values of %—‘- at the superconvergence
1

points are superconvergent with rate of convergence equal to 4.
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Quartic serendipity square elements

n%-superconvergence for g—"l
Ty
8y, Ou Oy, Ou
—1l _ M -4 —1 _ A
- (5”1 bz, ) Pen, (0’1 oz, ) =)
0.2500 .12053504E+00 30.8570
0.1250 .70559307E-02 28.9011
0.0625 .43019091E-03 28.1930

Table 5. Ratc J‘wnvemence at the supcrconveryencsu points: Values of
sup -4 Al sup

"’en, I( 3z, " Oz, (z )l and h ..n}m |( 9z, ~ Bz, )(a:f )| Dirichlet prob-

lem in @ = (0, 1)’ with data consistent w1th the exact solution, u,(z,,z;) =

u,(z,,2,) = sin(xz,)sin(xz,;), Oy := (0.25,0.75)2. Meshes of cubic serendipity

squares. Note that the values of _8:1 at the superconvergence points are supercon-

vergent with rate equal to 4. !




Relative error at the 4x4 Gauss-Legendre points
Point £, £, O(z,; 5.2'_:; u,u,,h,7)
1 -.861136311600 | -.861136311600 30.5947
2 -.861136311600 | .861136311600 30.5948
3 -.861136311600 | -.339981043600 30.4170
4 -.861136311600 | .339981043600 30.4171
5 861136311600 | -.861136311600 30.5948
6 861136311600 | .861136311600 30.5947
7 .861136311600 | -.339981043600 30.4171
8 861136311600 | .339981043600 30.4170
9 -.339981043600 | -.861136311600 6.1581
10 -.339981043600 | .861136311600 6.1580
11 -.339981043600 | -.339981043600 46.5763
12 -.339981043600 | .339981043600 46.5762
13 .339981043600 | -.861136311600 6.1580
14 .339981043600 | .861136311600 6.1581
15 339981043600 | -.339981043600 46.5762
16 .339981043600 | .339981043600 46.5763

Table 6a. Values of the relative error O(z,; %; u,u,,h,7) at the {x 4 Gauss-

Legendre points: Quartic serendipity square elenlaent. Dirichlet problem in Q =
(0,1)* with data consistent with the exact solution u,(z,,z,) = u,(z,,z;) =
sin(xz,) sin(xz;). The domain ) was discretized using a 9x9 uniform mesi. of
quartic serendipity elements. The relative errors are reported for the element at
the center at the center of the mesh. Note that the values of the relative error at
some of the Gauss-Legendre points exceeds 45%.
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Relative error at the points from Table 3a
. . Oy,
Point 2, £, O(z,; —L 32, 14, %, h,7)
1 -.6000 | -1.00000 5797
2 6000 | -1.00000 5797
3 0000 | -.63640 0001
4 -.5273 .00000 2.8799
5 5273 .00000 2.8799
6 .0000 .63640 .0001
7 -.6000 | 1.00000 5797
8 6000 ; 1.00000 5797

Table 8b. Values of the relative error (=, ; -g%; u,u,,h, 1) at the n%-supercon-

vergence points (from Table 3): Quartic senn:iipity square element.
problem in © = (0,1)? with data consistent with the exact solution u,(z,,z,) =
uy(zy,2,) = sin(xz,)sin(xz,). The domain @ was discretized using a 9%9 uniform
mesh of quartic serendipity elements. The relative errors are reported for the
element at the center at the center of the mesh. Note that the values of the

relative error do not exceed 3%.




List of Figures

Fig. 1. An ezample of a locally periodic grid of squares: An adaptive grid with a
periodic mesh-subdomain. The mesh outside the subdomain was refined in order
to control the pollution-error in the interior of the subdomain.

Fig. 2 Periodic meshes of triangles. (a) Regular pattern; (b) Chevron pattern; (c)
Union-Jack pattern; (d) Criss-Cross pattern.

Fig. 3. Superconvergence points for 21‘- for the class of “harmonic” solutions of

oz,
the equations of plane elasticity: Triangular elements in the Regular pattei~. The

superconvergence points are located at the intersection of the contours C%_; (2l
1

#,T),i=1,...,4. In the Figures the 0%-contours of the error corresponding to the
various monomials were drawn with different thicknesses and the element bound-
aries were drawn with dashed lines. The 0%-contours and the superconvergence
pointz are given for: (a) Linear elements (p = 1); (b) Quadratic elements (p = 2);
(c) Cubic elements (p = 3). Note that the superconvergence points are shown in
each Figure by a solid circle and are also superconvergence points for the class of
general solutions and for all values of Poisson’s ratio.

Fig. 4. Superconvergence points for Qu-l for the class of “harmonic” solutions

o0z,
of the equations of plane elasticity: Triangular elements in the Criss-Cross pai-

tern. The superconvergence points are located at the intersection of the contours
cy® (Q H. T), it = 1,...,4. In the Figures the 0%-contours of the error cor-

respondmg to the various monomials were drawn with different thicknesses and
the element boundaries were drawn with dashed lines. The 0%-contours and the
superconvergence points are given for: (a) Linear elements (p = 1); (b) Quadratic
elements (p = 2); (c) Cubic elements (p = 3). Note that the superconvergence
points are shown in each Fig. by a solid circle and are also superconvergence points
for the class of general solutions and for all values of Poisson’s ratio.

Fig. 5. n%-superconvergence regions for ou for the class of “harmonic” so-

oz
lutions of the equations of plane elasticity: Tyrmngular elements in the Regular

pattern. The regions 'R.';_L(Q “H". #,T) are given for: (a) Linear elements (p = 1);
(b) Quadratic elements (p = 2); (c) Cubic elements (p = 3). The n%-levels 5%,
15%, 30% (dark, light, lighter gray) were employed.

Fig. 6. n%-superconvergence regions for -0— for the class of “harmonic” solutions

dz,
of the equations of plane elasticity: Tnangular elex ents in the Chevron pattern.
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The regions ‘fZ’g‘_(Q"" :7; T) are given for: (a) Linear elements (p = 1) (n%-levels:

5%, 15%, 30%);‘(b) Quadratic elements (p = 2) (n%-levels: 40%, 50%, 60%); (c)
Cubic elements, (p = 3) (n%-levels: 5%, 15%, 30%).

Fig. 7. n%-superconvergence regions for a_u_ for the class of “harmonic” solutions

oz,
of the equatwns of plane elasticity: Thangular elements in the Criss-Cross pattern.

The regions R;;(Q “H". #; T) are given for: (a) Linear elements (p = 1) (n%-levels:

5%, 15%, 30%); (b) Quadratic elements (p = 2) (n%-levels: 10%, 30%, 50%); (c)
Cubic elements (p = 3) (n%-levels: 5%, 15%, 30%).

Fig. 8. n%-superconvergence regions for 0,, and o,, for the class of “harmonic”

solutions of the equations of plane elasticity: Triangular elements in the Regular
pattern. (a) RI%(Q™; 7 ,T), p = 2, min n%= 18.17%; (b) RI®(QH; 7 ,7),
p = 2, min % = 5.75%; (c) R”"(Q"”',f,T) p = 3, min 2% = 8.71%; (d)
R""(Q"”' :#,T), p=3, min n% = 13 33%. The n%-levels 10%, 30%, 60% (dark,
hght lighter gray) were employed.

Fig. 9. n%-superconvergence regions for o,, and 0y, for the class of “harmonic”

solutions of the equations of plane elasticity: Triangular elements in the Chevron
pattern. (a) R""(Q “H.#T), p = 2, min n% = 11.79%; (b) 'R”"(Q""", 7, 1),
p = 2. min 0% = 12.19%; (c) 'R’"‘(Q"”",r T), p = 3, min % = 11.50%; (d)
RIN(QH; 7 ,T), p =3, min 0% = 3.88%. The n%-levels 10%, 30%, 60% (dark,

hght lighter gray) were employed.

Fig. 10. n%-superconvergence regions for 0,, and 0,, for the class of “harmonic”
solutions of the equations of plane elasticity: Triangular elements in the Criss-
Cross pattern. (a) ‘Rz: (Q"H";#,T), p = 2, minn% = 5.53%, minn% = 30.50%; (b)
RINM(Q™;7,T),p=2, min % = 28.75%, min n% = 24.51%; (c) R2* (Q"; 7, T),
p=3, rmnn% = 10.77%, mmr)% = 1.07%; (d) 'R""(Q'"" #T),p=3, mmq% =
6.91%, mmn% 6.07%. The n%-levels 10%, 30%, 60% (dark, light, hghter gray)

T2

were employed.

Fig. 11. Superconvergence points for the class of “harmonic” solutions of the
equations of plane elasticity: Cubic serendipity square elements The supercon-
vergence points are located at the intersection of the contours C3¥ (Q, i 7, 1),

8ul

, (b) , L. (c) 0;;; (d) €,. Note

that for the components of the gradient there a.re four superoonvergence points

t = 1,...,4. Superconvergence points for (a)
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and one superconvergence line. For the components of stress and the shear-strain
there is only one superconvergence point located at the center of the element.
The superconvergence points are shown in each Figure by a solid circle and are
also superconvergence points for the class of general solutions and for all values of
Poisson’s ratio.

Fig. 12. n%-superconvergence regions for the class of “harmonic” solutions of

thc equations of plane elasticity: Cubic scnnd:p:tgusquare elements. The regions

F(‘)(Q : #; T') are given for F(u): (a) 7z, =L (b) == oz, ; (¢) o44; (d) €, for Poisson’s
Ou,

ratio » = 0.30. For — 9z, gu , €19 the n%-levels 5%, 10%, 25% (dark, light, lighter

gray) were employed; for 0,, the n%-levels 25%, 50%, 75% were employed.

Fig. 13. n%-superconvergence regions for the class of “harmonic” solutions of
the equations of plane elasticity: Quartic screndzp:ty square elements. The regions

p(.)(Q ; #; T') are given for F(u): (a.) , (b) , L. (c) 04,; (d) ¢, for Poisson’s
ratio v = 0.30. The n%-levels 5%, 10% 25% (da.rk light, lighter gray) were
employed.

Fig. 14. Common 25%-superconvergence regions for all Poisson’s ratios v, 0 <
v £ 0.35, for the class of “harmonic” solutions of the equations of plane elasticity:

Quartic serendipity square elements. The regions [ 'R,,(u)(Q“”" ;#;T) are
0<v<0.35

given for F(u) : (a) ,(b) o11; (€) &z
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The Laboratory for Numerical Analysis is an integral part of the Institute for Physical
Science and Technology of the University of Maryland, under the general administration of the
Director, Institute for Physical Science and Technology. It has the follo. ; goals:

To conduct research in the mathematical theory and computational implementation of
numerical analysis and related topics, with emphasis on the numerical treatment of
linear and nonlinear differential equations and problems in linear and nonlinear algebra.

To help bridge gaps between computational directions in engineering, physics, etc., and
those in the mathematical community.

To provide a limited consulting service in all areas of numerical mathematics to the
University as a whole, and also to government agencies and industries in the State of
Maryland and the Washington Metropolitan area.

To assist with the education of numerical analysts, especially at the postdoctoral level,
in conjunction with the Interdisciplinary Applied Mathematics Program and the
programs of the Mathematics and Computer Science Departments. This includes active
collaboration with government agencies such as the National Institute of Standards and
Technology.

To be an international center of study and research for foreign students in numerical
mathematics who are supported by foreign governments or exchange agencies
(Fulbright, etc.).

Further information may be obtained from Professor I. Babu&ka,Chairman, Laboratory for
Numerical Analysis, Institute for Physical Science and Technology, University of Maryland, College
Park, Maryland 20742-2431.




